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Abstract: Multi-wall carbon nanotubes reinforced Mg—14Li—1Al composite (MWCNTs/Mg—14Li—1Al) was prepared
by the processes of electrophoretic deposition, friction stir processing, and cold rolling. The microstructure and
mechanical properties of the composite were investigated. The results show that, the microhardness of the composite is
up to HV 84.4, which is 91.38% higher than that of the as-cast matrix alloy (HV 44.1). The yield strength and ultimate
tensile strength of the composite are 259 and 313 MPa, which are 135.45% and 115.86% higher than those of the
as-cast matrix alloy, respectively, and a high specific strength of 221.98 kN-m/kg is obtained. In the composite, the
MWCNTs serve as nucleation particles during the friction stir processing and cold rolling, causing dynamic
recrystallization and grain refinement. Furthermore, MWCNTs hinder the movement of dislocations and transfer the
load from the matrix alloy, thus improving the strength.
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1 Introduction

Mg-Li alloy is the Ilightest metallic
engineering material, with a density of
1.35-1.65 g/em® [1,2]. It possesses the advantages
of high specific strength [3], excellent damping
property [4], and good electromagnetic shielding
property, and so on [5]. However, this kind of alloy
always possesses poor strength [6,7], which limits
its wide applications.

The strength of Mg—Li matrix composite is
always much higher than that of the corresponding
Mg-Li alloy. Carbon nanotube has high strength
and Young’s modulus [8], which makes it become
an ideal reinforcement in Mg-matrix composites. To

uniformly disperse the reinforcement in the
composites, electrophoretic deposition (EPD) is one
of the most effective and promising methods, and it
is widely used to graft multi-wall carbon nanotubes
(MWCNTs) onto the surface of matrix alloy. EPD
possesses the advantages of a negligible damage to
MWCNTs, a high deposition density, and a uniform
dispersion [9]. Friction stirring processing (FSP) is
a kind of severe plastic deformation technology.
During FSP, not only the dynamic recrystallization
and refinement happen, but also the microstructure
is  effectively mixed and reconstructed,
homogenized, and refined, thus improving the
mechanical properties [10—12]. Accordingly, FSP
can be used to process metal matrix composites. In
the process of FSP, groove filling or hole filling is
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usually used to add reinforcements into the matrix
alloy [13,14]. However, FSP processed composites
often have some drawbacks, such as grain
coarsening in the processed region and low
dislocation density in the matrix alloy due to a large
amount of generated heat [15]. To overcome these
drawbacks, rolling can be used to further process
the materials [16].

In this work, to improve the mechanical
properties of Mg—14Li—1Al (LA141) alloy, LA141
alloy was used as matrix alloy and MWCNTs were
used as reinforcement, and MWCNTs/Mg—14Li—
1Al composite was prepared by EPD, FSP and cold
rolling. The microstructure and mechanical
properties of the prepared MWCNTs/Mg—14Li—1Al
composite were analyzed and discussed.

2 Experimental

As-cast LA141 alloy was used as the matrix
alloy in this work. MWCNTs, with a purity of
95 wt.%, an inner diameter of 3—5nm, an outer
diameter of 8—15nm, and a length of 3—12 pm,
were used as the reinforcement, as shown in

Fig. I(a). MWCNTs are
agglomerated with each other.

Figure 2 shows the preparation process of
MWCNTs/Mg—14Li—1Al composite. LA141 alloy
was cut into plates with sizes of 110 mm X
40 mm X 14 mm, and they were named as Sample 1.
Then, the plates were pre-rolled at 250 °C with a
reduction of 10% in each pass with a final thickness
of 2 mm, which were named as Sample 2. The
rolled plates was cut into 150 mm x 115 mm X
2mm plates, and some of the plates were
electrophoretic deposition (EPD) processed to form
MWCNTs films on the surface of them, then they
were stacked and rolled; the other plates were
directly stacked and rolled for comparison. In EPD,
2g MWCNTs, 1.2g AI(NOs);, and 0.2 g poly-
vinylpyrrolidone (PVP) were dissolved into 2L
solution which is a mixture of anhydrous ethanol
and acetone with a volume ratio of 1:1, then the
solution was ultrasonically dispersed for 8 h to
obtain an electrophoresis solution with a good
suspension. Subsequently, EPD was carried out
with the rolled LA141 alloy as the cathode and the
stainless steel sheet with the same size as the anode

entangled  and
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Fig. 2 Preparation process of MWCNTs/Mg—14Li—1Al composite
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at a voltage of 30 V and a current of 0.5 A for 5 min.
The deposited sample was naturally dried for 1 h.
The obtained MWCNTs film is shown in Fig. 1(b).
MWCNTs are deposited uniformly on the surface of
LA141 by EPD. The plates with and without
0.8 wt.% MWCNTs were both stacked and heated
at 300 °C for 30 min, then they were rolled from 14
to 5 mm with a reduction of 64%. The obtained
plates were cut into 140 mm x 130 mm x 5 mm for
subsequent FSP. The FSP-processed plate without
MWCNTs was named as Sample 3 and the one with
MWCNTs was named as Sample 4. In FSP, the FSP
tool was composed of a circular shaft shoulder with
a diameter of 18 mm and a threaded stirring pin
with a diameter of 6 mm, and a length of 3 mm. The
rotation speed and movement speed of the FSP tool
were 900 r/min and 40 mm/min, respectively. The
inclination angle was 2.5°. Some samples after FSP
were cold-rolled (CR) at room temperature with a
total reduction of 60%. The thickness of the
cold-rolled sample was 2 mm, named as Sample 5.
The metallographic sample was mechanically
polished and etched with a mixed solution of 4%
nitric acid and 96% ethanol. The microstructure of
the samples was observed using optical microscope
(OM), scanning electron microscope (SEM), and

transmission electron microscope (TEM). The
average size of grains was measured by Nano
Measurer 1.2 software. The density of the
as-received composite was measured by a
multifunctional solid density tester (HTY—300C).
The tensile specimens were machined along the
rolling direction (RD) and processing direction
(PD) with dimensions of 48 mm % 8§ mm x 2 mm.
During tensile testing, the tensile speed was
1 mm/min. The microhardness was measured by a
Vickers hardness tester with a load of 2 N and a
dwelling time of 15 s.

3 Results

3.1 Microstructure

Figure 3 shows the OM images of the LA141
alloy in different states. Figure 4 shows the grain
size distribution of the different samples. The
as-cast LA141 alloy has relatively coarse grains
with an average grain size of 280 um, as shown in
Fig. 3(a). After FSP, the grains of the alloy are
refined. As shown in Fig. 3(b), without the addition
of MWCNTs, the average size is 31 um. As shown
in Fig. 3(c), with the addition of MWCNTs, the
average size is 16 um. The grain size of the cold-

Fig. 3 OM images of different samples: (a) Sample 1; (b) Sample 3; (c) Sample 4; (d) Sample 5
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Fig. 4 Grain size distribution of different samples: (a) Sample 1; (b) Sample 3; (c) Sample 4; (d) Sample 5

rolled sample after FSP is the finest, with an
average grain size of 7 um. Compared with the
as-cast alloy, the grains of cold-rolled sample after
FSP are refined notably, showing obvious refining
effects of MWCNTs, FSP, and cold-rolling.

The cross-section of the FSP-processed sample
can always be divided into 4 zones: matrix, thermo-
mechanical affected zone (TMAZ), heat-affected
zone (HAZ) and nucleation zone (NZ), as shown in
Fig. 5. However, HAZ does not appear in this
sample. The grain size in NZ is finer than that in
TMAZ because of the massive heat generated by
the friction between the high-speed rotation tool
and the matrix alloy, which leads to dynamic
recrystallization in this zone, as shown in the solid
rectangles in Figs. 6(a, c, ). However, fine grains
and coarse grains both appear in NZ, showing a
bimodal structure, which may be caused by
incomplete recrystallization during FSP, as shown
by the dotted circles in Figs. 6(a, b). After FSP, the
agglomeration and nonuniform distribution of
MWCNTs can be observed, but the grain size in
TMAZ is significantly smaller than that without
MWCNTs, as shown in Figs. 6(c, d). After rolling,
the MWCNTs are uniformly dispersed in the matrix

25 :(b) §\\§ Average size: 31 pm

. 20 | ‘§ |

H
A
i i
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Fig. 5 Schematic diagram of different zones of friction
stir processing

alloy, and the grain size becomes finer, compared
with the FSP-processed samples, as shown in the
solid rectangles in Fig. 6(e,f). This can be
explained by the MWCNTs serving as the
nucleation particles of the recrystallized grains and
hindering the growth of the grains, resulting in a
large number of fine recrystallized grains at the
interface between NZ and TMAZ. In addition, after
rolling, a mixed lamellar structure of MWCNTs and
grains forms in the composite, and a mixed grain
structure with fine and coarse grains also forms, as
shown in Figs. 7(a, b). The formation of the
lamellar structure may be caused by the dynamic
recrystallization that occurs during the rolling
process with MWCNTs as the nucleation particles.
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Fig. 6 OM images of stirring zone and heat-affected zone of different samples: (a, b) Sample 3; (c, d) Sample 4,
(e, f) Sample 5

MWCNTs

Mixed grain
structure

Fig. 7 OM images of Sample 5: (a) Lamellar structure; (b) Mixed grain structure

Figure 8 shows TEM images of the samples in alloy and MWCNTs/Mg—14Li—1Al composite, but
different states. After FSP, some dislocations can be the dislocation density is relatively small, as shown
found in the FSP-processed Mg—14Li—1Al matrix by the white arrows in Figs. 8(a, b). However, after
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cold-rolling (CR), the dislocation density is higher
than that of the FSP-processed sample, as shown by
the white arrows in Fig. 8(c). After FSP and CR,
some ultra-fine grains exist in the sample, as shown
in the solid rectangles in Figs. 8(d—f). The ultra-fine
grains in the sample after CR are finer and more
numerous than those in the sample after FSP. Based
on the OM results, the addition of MWCNTSs is
beneficial to grain nucleation and refinement. To
confirm this conjecture, HAADF element scanning
observation was performed on the LA141/
MWCNTs composite, as shown in Fig. 9. The C

element is uniformly distributed in the matrix alloy,
indicating that MWCNTs are uniformly distributed
in the composite, thus providing nucleation
particles for grains, and refining the grains, as shown
in Fig. 9(c). The tubular structure of MWCNTs can
be clearly seen in the matrix alloy, as shown in the
solid circle in Fig. 10(a), and there are a large
number of ultra-fine grains around the MWCNTs,
as shown in the solid rectangles in Fig. 10(a).
Therefore, it is confirmed that the MWCNTs
provide nucleation particles for recrystallized grains.
The inset in Fig. 10(b) is the result of selected area

Dislocation

Fig. 8 TEM images of different samples: (a, d) Sample 3; (b, e) Sample 4; (c, f) Sample 5



3920

electron diffraction (SAED) analysis, confirming
the existence of MWCNTs. These results indicate
that the presence of MWCNTs can effectively
reduce the grain size.

3.2 Mechanical properties
The microhardness of the LA141 matrix alloy
and composite in different states is shown in Fig. 11.

HAADF

Lin XU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3914-3925

After FSP and CR, the microhardness increases
significantly. Sample 5 obtains the highest
microhardness of HV 84.4, which is 91.38% higher
than that of Sample 1 (HV 44.1) and 49.38% higher
than that of Sample 2 (HV 56.5).

The engineering stress—strain curves of the
LA141 matrix alloy and composite in different
states are shown in Fig. 12. The ultimate tensile

Fig. 9 TEM image (a) and corresponding HAADF element scan (b, ¢, d) of MWCNTs/Mg—14Li—1Al composite

Fig. 10 TEM image of MWCNTs/Mg—14Li—1Al composite (a) and enlarged view of selected area (b) (Insert is SAED

of MWCNTs)
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Fig. 11 Microhardness of different samples

strength of the composite is greatly improved by
FPS and CR. Sample 1 possesses the lowest
strength, with the yield strength and ultimate tensile
strength of 110 MPa and 145 MPa, respectively.
Sample 2 possesses a yield strength of 176 MPa and
ultimate tensile strength of 209 MPa. After FSP, the
yield strength and ultimate tensile strength of
Sample 3 are 213 MPa and 226 MPa, respectively.
Compared with Sample 1, the yield strength and
ultimate tensile strength of Sample 3 increase by
93.64% and 55.86%, respectively. Sample 4
possesses a yield strength of 234 MPa and ultimate
tensile strength of 258 MPa, which are 112.73%
and 77.93% higher than those of Sample 1. After
CR, the mechanical properties of Sample 5 are
significantly improved. The yield strength increases
from 234 to 259 MPa, and the ultimate tensile
strength increases from 258 to 313 MPa. Compared
with Sample 1, the yield strength and ultimate
tensile strength of Sample 5 increase by 135.45%
and 115.86%, respectively.

Although the strength of Sample 5 is
significantly improved, its elongation is lower than
that of Samples 1 and 2. The elongation of Sample
4 is the lowest of all, only 4.07%. After CR, the
elongation increases to 9.65%.

The density of the obtained MWCNTs/LA141
composite is 1.41 g/cm?, and the specific strength of
the MWCNTs/LA141 composite after CR is
221.98 kN-m/kg. Figure 13 shows the comparison
of specific strength between this work and literature.
It shows that the obtained MWCNTs/ LA141
composite possesses the lowest density and the
highest specific strength.
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Fig. 12 Engineering stress—strain curves of different

samples
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Fig. 13 Relationship between specific strength and
density of different alloys

4 Discussion

The grain refinement mechanism of the
composite during FSP in this work can be expressed
as Fig. 14. As a severe plastic deformation process,
a large amount of heat is generated by the friction
between the processing tool and the material, which
provides energy for the dynamic crystallization of
the matrix alloy, resulting in the formation of fine
grains. In the FSP process, the material is subjected
to the pressure (F) from the shoulder of the
processing tool and the friction force (£7) generated
by the friction between the tool shoulder and the
material during the moving process, but also the
friction force F» and the shear force F3 generated
between the stirring pin and the material. Under F
and Fi, a lot of heat is generated. The grains are
broken and refined under /> and F3. Because the
stirring pin used in this study is threaded, the grains
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Fig. 14 Model diagram of grain refinement mechanism

are broken and refined more severely. In addition,
because FSP has an advancing side and a receding
side, the material undergoes plastic flow during the
processing. When the material flows from the
advancing side to the receding side, there are two
flowing forces f; and f> between them, which causes
the grain friction against each other and elongating.
The heat generated by friction provides energy for
the dynamic recrystallization. During FSP, the
MWCNTs are uniformly dispersed in the matrix
alloy, providing the nucleation particles when the
matrix alloy undergoes dynamic recrystallization,
resulting in refined recrystallized grains.

Although FSP is a kind of severe plastic
deformation processing, it does not produce a large
number of dislocations in the material. This can be
attributed to the large amount of heat generated
during FSP, which causes the dislocations
annihilation [16]. Equation (1) can be used to
estimate the temperature generated by FSP [34].
Accordingly, the temperature in the FSP in this
work is as high as 460 °C. The high temperature
makes the grains grow and coarsen, and makes the
dislocations be annthilated. Therefore, the
dislocation density in Samples 3 and 4 is relatively
low, as shown in Figs. 8(a, b).

T:K( ol J T, (1)

104V

where T, @ and V are the melting point, rotation
speed and forward speed, respectively, and a and K
are constants, which can be estimated to be about
0.04 and 0.8 in Mg alloys, respectively [34].

Dynamic recrystallization

After FSP+CR, the grains are further refined
and some ultra-fine grains are found in the
composite, as shown in Fig. 8(f). In addition, a
large number of dislocations are found in the
composite after CR, and the dislocation density is
higher, as shown in Fig. 8(c). The heat generated in
the CR process is much lower than that in FSP,
which is not sufficient to cause grain growth and
dislocation annihilation. Sample 5 has finer grains
and has a higher dislocation density than Samples 3
and 4, resulting in the highest strength among all
samples.

Additionally, CR makes the distribution of
MWCNTs more uniform in the matrix alloy. From
Fig. 6(c), MWCNTs agglomerate seriously in the
stirring zone, which leads to the lower strength of
Sample 4, compared with Sample 5. According to
the shear hysteresis theory, load transfer occurs at
the interface between alloy and
reinforcement through the shear stress, which
increases the strength [35]. Therefore, in this
composite, when an external force is applied, it will
be transferred from the matrix alloy to the
MWCNTs, thereby increasing the strength.

Usually, under severe plastic deformation, a
significant increase in strength often brings about a
decrease in the plasticity. However, in this work, the
strength and plasticity of the samples are both
improved, as shown in Fig. 12. This can be
explained by the effect of MWCNTs. After cold
rolling, the distribution of MWCNTSs in the matrix
alloy is more uniform, as shown in Fig. 6(d). The
uniformly  distributed MWOCNTs hinder the

matrix



Lin XU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3914-3925 3923

movement of dislocations during CR, which leads
to the accumulation of dislocations, thus increasing
the strength. In addition, due to the further
reduction in grain size, a large number of grain
boundaries are introduced, and the grain boundaries
impede the movement of dislocations, leading to
dislocation pile-ups, which generates large-range
back stresses and local strain concentrations in the
matrix alloy [36—38]. Figure 7 illustrates the mixed
layered structure of MWCNTs and grains in the
composite. The strain concentrations are usually
located at the interlayer interface [9]. The strength
and stiffness of MWCNTs are high enough to
endure the high local stress caused by dislocation
pile-ups and prevent further deformation of
grains in the matrix alloy. Thus, MWCNTs limit
the deformation of the matrix alloy and prevent
crack formation. As the stress increases, the
dislocations slip again into the other grains, and
plastic deformation continues. In addition, an
appropriate wide grain size distribution is also
conducive to uniform deformation: coarse grains
can increase ductility, and fine grains can increase
strength [39,40]. In Figs. 6(d) and 7, a large number
of fine grains and coarse grains are observed,
showing a bimodal distribution. Many ultra-fine
grains are found, as shown in Fig. 8(f). Therefore,
the strength and plasticity of the composites can be
improved after cold rolling.

5 Conclusions

(1) The MWCNTs/LA141 composite was
successfully prepared by EPD, FSP and CR. The
grains of matrix alloy are refined from 280 to 7 um,
along with some ultrafine grains.

(2) The yield strength and ultimate tensile
strength of the composite are 259 and 313 MPa.
Compared with the as-cast matrix alloy, the
increments are 135.45% and 115.86%, respectively.

(3) The heat generated during FSP and the
addition of MWCNTs promote the dynamic
recrystallization and annihilate dislocations. The
increase in strength during the FSP stage is mainly
attributed to the grain refinement strengthening and
the load transfer of MWCNTs. The heat generated
from CR is not enough to annihilate dislocations.
Therefore, the increase in strength in the CR stage
is mainly attributed to grain the refinement
strengthening, dislocation strengthening, and load
transfer strengthening.

(4) A specific strength of 221.98 kN-m/kg is
obtained in the composite, which is higher than that
of many other metal matrix composites and alloys
in literature.
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ESAOTRL, HEhEEEE I TR ELAI & S L3R
MWCNTs/Mg—14Li—1A1 E & #1%l

oK, IR, K2, RARD, RER, RRAT, KFR

1. WI/RIETREKRY BEMESREHEABENESLLE, KIRE 150001;
2. MR BEER, B 1643005
W RIEIR B A BCA R AR, FR/REE 150001

T8 Z: CRATHIKDUREOR . SRR N T ANA 5L L 25 4 2 BERRANK T Y5 Mg—14Li-1A1 &M EHMWCNTS/
Mg—14Li—1Al), WFFEE AR B SR S8t RE . SRR, ZE AR BAEEE 1A 3V 84.4, [L#54
FHEAREEMEV 44.D)3Em T 91.38%;  HJE IR 5# R FRPTHL 5L 757508 259 MPa 1 313 MPa, 435l b85Sk &
SHE T 135.45%F0 115.86%, L3R &5k 221.98 KN-m/kg. MWCNTs 7845 $ FE 45 i T 174 %L 3 7 v /8 9 T A% i
b, SIS BRIk, A, MWCNTs [N AT LARHAS A4 i@ sh AL i SR kg, T4 o & 410
.
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